Tumor-promoting activity caused by the short-term administration of p-hydroxybenzenediazonium (PDQ) has been assayed in rats fed on a Mg-deficient diet as a reference model versus rats fed on a standard diet as controls. For 5 weeks groups of 20 rats, fed either on the Mg-deficient or standard diet, were treated simultaneously with PDQ. A group of 10 Mg-deficient rats remained untreated. Topical application of PDQ was followed by the appearance of macroscopic alterations in the skin, which were more evident in the Mg-deficient rats. No deaths occurred during the treatment. After 5 weeks' PDQ treatment the rats were killed and histological analyses were made. Tissues from the skin, liver, heart, kidney, lung and thymus were screened by conventional staining methods. Both the PDQ-treated Mg-deficient and PDQ-treated control rats presented tissue lesions, although to a different extent. The untreated Mg-deficient rats showed no such lesions. Mg-deficient rats treated with PDQ developed significant incipient fibrosarcomas (p < 0.05) and extended hyperplasia (p < 0.001), particularly in the skin, accompanied by a significant increase in the thickness of collagen (mean value: 445.4 ± 47.2 m, p < 0.05) compared to the control PDQ-treated group (mean values: 258.7 ± 36.4 m). The overall results provide objective proof of tumor-promoting activity after 5 weeks' treatment with PDQ. Such a fast response is interpreted as being linked to the increased vulnerability of the membrane caused by Mg deficiency, which would more readily facilitate the toxic activity of p-hydroxybenzenediazonium ions.
Introduction
Arenediazonium ions (ADIs) are known to have mutagenic and carcinogenic capacity [1] but the mecha-ions and aryl radicals deriving from them [6] . Nevertheless, in the light of the ease with which aryl radicals cause arylation in vitro to nucleobases and nucleosides [7] and their ability to produce unspecific DNA strand breakage [8] , the most commonly given explanation for the genotoxicity of ADIs is one of a direct attack on DNA by aryl radicals. More recently reported has been the capacity of carbon-centered radicals deriving from the p-methylbenzenediazonium ion to activate the AP-1 system and thus stimulate the phosphorylation of ERK1, ERK2 and p38 proteins, in a similar way to that observed for superoxide anion and hydroxyl radicals [9] .
p-Hydroxybenzenediazonium (PDQ) is an arenediazonium ion which cleaves DNA [10] , is responsible for the formation of the C8-guanine adduct [11] and in the long term causes tumors when repeatedly administered as a sulphate salt by subcutaneous injection [12] . In previous studies into PDQ dediazoniation [13] [14] [15] our results have shown that in a neutral aqueous medium in the dark PDQ dediazoniation is a homolytic process. This homolytic degradation is triggered by the hydroxyl anion but the primary products then produce a selfcatalyzed reaction in which aryl, hydroxyphenylperoxyl and semiquinone radicals appear to be involved.
Magnesium ions are one of the most important elements involved in cell metabolism. The intracellular concentration of Mg 2+ is very tightly controlled because of its involvement in crucial cell processes such as the hydrolysis of ATP and ADP, protein biosynthesis and apoptosis. There is evidence from epidemiological studies that in 15-20% of the population of industrialized countries Mg intake is approximately 30% below the recommended daily allowance and that Mg deficiency, together with inadequate dietary habits, can lead to many pathological conditions [16] . It is known to be linked to cancer [17] , cardiovascular alterations [18] and many renal, gastrointestinal, neurological and muscular disorders [19] . Other effects associated with Mg deficiency are changes in the composition and fluidity of the fatty acids in the erythrocyte membrane [20] and complex electrolytic alterations secondary to the mineral deficit [21] [22] [23] [24] .
We report here on the results of experiments with Mgdeficient rats to evaluate the tumor-promoting capacity of PDQ, taking into account alterations to the cell membrane that accompany Mg deficiency and any possible synergic effect caused as PDQ is administered simultaneously. To this end we applied PDQ to the skin of the rats. In the case of Mg-deficient animals, this nonaggressive method was deemed to be more appropriate than a subcutaneous injection. The effects deriving from the application of PDQ were monitored over the short term by the appearance of histological alterations considered to be biomarkers of tumor promotion in mouse skin [25] 
Materials and methods

Chemicals
Sodium tetrafluoroborate, perchloric acid, p-aminophenol, sodium nitrite, absolute ethanol and diethyl ether were bought from Merck and Sigma (Madrid, Spain). PDQ was synthesized in our laboratory according to the procedure indicated elsewhere [13] and stored at −18 • C in darkness to avoid degradation by exposure to light. Dimethylsulfoxide (DMSO) was from Merck (Madrid, Spain) and was used as received without further purification. Doubly distilled water from a Millipore system was always used. HNO 3 and HClO 4 (Merck, Spain) were used for atomic absorption measurements. Bovine liver (Certified Reference Material CRM 185, Community Bureau of Reference, Brussels, Belgium) was used for magnesium quality-control assays.
Analytical techniques
Spectrophotometric analyses of PDQ in DMSO and DMSO:HCl aqueous solutions were made in a Cintra 10 spectrophotometer (GBC Scientific Equipment, Hucoa Erlöss, Madrid, Spain) equipped with a Frigomix external thermostatic water bath (B. Braun-Biotech S.A., Barcelona, Spain). The Mg 2+ concentrations in both plasma and diet were determined by atomic absorption spectrometry (AAS) using an Aanalyst'300 spectrometer (Perkin-Elmer, Madrid, Spain).
Animals and diets
Thirty recently weaned, male, Wistar rats (provided by the animal laboratory of the Scientific Instrument Centre, University of Granada) were fed on a standard commercial diet (Panlab, Barcelona) until they reached a body weight of 192 ± 17 g. Only male rats were used since no significant difference has been found in the past between genders in the appearance of tumors induced by arenediazonium ions [26] . Thereafter they were allowed access ad libitum to doubly distilled water and a semisynthetic, Mg-deficient diet for 6 weeks. The diet [27] Another group of 20 control rats was fed on a control diet [27] containing the same ingredients indicated above plus a magnesium supplement (465 mg Mg/kg food) that covered the nutritional requirements for the rats.
The conditions of maintenance and dissection were the same for all groups. Throughout the 42-day experimental period the control and Mg-deficient rats were housed in individual cages in a well ventilated, temperature-controlled room (21 ± 2 • C) with a light:dark period of 12 h.
PDQ administration
In all the experiments the toxic solutions were routinely prepared immediately before being administered to the rats.
A preliminary study was made to assess the effects induced by the topical application of PDQ. This study included: (i) the single topical application of 12. Bearing in mind the findings obtained in the preliminary study, a solution of 0.244 M of PDQ in DMSO:water (75:25, v/v) was used in all further experiments. To this end an individual dose of 2 mg PDQ/50 L was administered weekly to each rat (equivalent to 10 mg/kg rat weight) as described below.
Thirty rats were fed on a Mg-deficient diet for 1 week to establish the status of Mg-deficiency in the animals, which was considered to be reached when the value of magnesium in plasma was 1.84 ± 0.1 mg Mg 2+ /100 mL plasma. PDQ was applied to 20 rats after they had reached the Mg-deficient status. The other 10 Mgdeficient rats were not treated with PDQ. In both cases the animals continued to be fed on a Mg-deficient diet during the rest of the experimental time, as indicated above. Before applying PDQ the hair of the lumbar zone was cut with curved scissors to avoid any possible abrasions to the skin. Solutions containing PDQ were applied topically with a micropipette under a red light to avoid photodecomposition. The area of application was approximately 1 cm 2 . After application the rats were kept in darkness for 24 h. PDQ was applied once a week for all 5 weeks of Mg-deficiency. The same procedure was applied to 20 control rats fed on a standard diet. After the sixth week the rats were killed by ascendant aorta exsanguination and different tissues were dissected: liver, skin, kidney, thymus, lung and heart. The results from the PDQ-treated rats (Mg-deficient and control rats) were compared with those from the untreated Mg-deficient rats. Table 1 summarizes the groups of rats and the chronology of the events used in their preparation and treatment.
Histological analysis
Tissue specimens of approximately 1 cm in diameter in formaldehyde were used for histological analysis. All the samples used for microscopy were cut to 4 m thickness with a Leitz 1512 microtome. All the sections were stained with hematoxilin-eosin. The stained samples were studied under an Olympus BH2 optical microscope and photographs were taken under an Olympus BX51 microscope equipped with an Olympus DP70 camera. In the lesions classified as collagen hyperplasia or dense collagen the thickness of the hypodermis was measured and photographs of the significant areas were taken with a 4× lens. Photographs in TIFF format were read with Visilog 4.0 ® . Table 1 Chronology of the events used in the preparation and treatment of the different groups of rats Group (no. of rats)
Weeks (time required to reach suitable weight, ca. 
Statistical analysis
The histological results were analyzed statistically using Fisher's exact probability test for 2 × 2 tables. The weight of the rats, their plasma Mg content and collagen thickness were analyzed using Student's t-test. Fig. 1 shows the absorption spectra registered with PDQ (12 M) solutions in DMSO (Spectrum 1), in DMSO/HCl 0.01N (Spectra 2-4) and in HCl 0.01N (Spectrum 5). As can be seen, an increase in the concentration of DMSO caused spectral changes characterized by the appearance of a band located at about 350 nm and a simultaneous loss in absorption at about 310 nm. The existence of an isosbestic point is also noteworthy.
Results
PDQ dediazoniation
These spectroscopic results may be interpreted as being due to the interaction between DMSO and PDQ reaching equilibrium. The coincidence of the absorption maxima registered with the solution of PDQ in DMSO with those shown by non-protonated species deriving from PDQ in aqueous medium [13, 14] indicates that the observed experimental behaviour corresponds to the equilibrium in Fig. 2 , in which DMSO acts as an excellent proton-acceptor, giving the deprotonated species deriving from PDQ, formulated as a resonance hybrid with two canonical forms, which can be homolytically dediazonated in a neutral aqueous medium, as proved elsewhere [13] .
Magnesium deficiency
It is well known that Mg-deficiency in rats results in a group of characteristic symptoms, such as peripheral vasodilation, irritability and loss of appetite, all of which appear during the first weeks of being fed on a Mg-deficient diet. The food intake of Mg-deficient rats decreases significantly between the fourth and fifth week, as reported in a previous study [28] . This change in their nutritional behaviour coincides with the appearance of the alterations to the electrolyte concentrations mentioned above (e.g. divalent cations in blood, tissue and enterocytes), which also usually reach characteristic values during the fifth or sixth week in rats kept on a Mg-deficient diet [29, 30] . On the basis of all these considerations we chose a 6-week experimental period for the Mg-deficient model and the simultaneous application of PDQ during the last 5 weeks in order to avoid those factors deriving from the worsening of symptoms due to Mg-deficiency that might have interfered with the results of our study.
The weights of both the Mg-deficient and control rats at the start and end of the experimental period are set out in Table 2 together with their plasma Mg 2+ content as measured by atomic-absorption spectrometry. The results are of similar significance to those reviewed in previous works [28] . As indicated in Section 2, a preliminary study was made consisting of three parts. Firstly, a group of twenty 5-week-Mg-deficient rats were treated with a single topical application of 12. Preliminary experiments showed that 5-week-Mgdeficient rats presented high susceptibility to the toxicity of the arenediazonium ions. It is worth noting that the same dose of benzenediazonium sulphate, an arenediazonium ion that showed mutagenic activity in the Ames assay [31] , has in the past been administered subcutaneously without lethal effects to Mg-normal rats during an observation period of 35 days [26] . We have also found that no deaths occurred using single doses containing different concentrations of PDQ in DMSO either in control rats or in 1-week-Mg-deficient rats, indicating that, under the experimental conditions used, PDQ produced no acute toxic effects. Likewise we can rule out any toxic effects due to the solvent, since the topical administration of DMSO for 5 weeks had no harmful effect, which accords with the safety limit reported in the literature [32] .
In the study of tumoral effects induced by PDQ, the Mg-deficient rats were treated weekly with a topical application of PDQ. Alterations to the skin could be seen very early on during the treatment, and these later developed into scabby, purulent ulcers. Such lesions were substantially less developed in the PDQ-treated control rats, as can be seen by comparing the photographs in Fig. 3 . Topical administration of PDQ led to the appearance of alopecia in both groups of rats after two applications and thus subsequent applications did not require hair cutting.
At the end of the treatment the rats were killed and samples of lung, kidney, heart, liver, thymus and skin were removed. The histological analyses are summa- Fig. 3 . Skin corresponding to the application zone after 5 weeks' topical treatment with PDQ: (A) control rat; (B) Mg-deficient rat. rized in Table 3 . Tissue alterations were found in the PDQ-treated control rats as well as the Mg-deficient ones, but the incidence was higher in the Mg-deficient ones, especially with regard to skin and liver tissues. No significant alterations were found in PDQ-untreated Mg-deficient rats.
Histological disorders in skin tissue
As far as the histological results from skin specimens are concerned, of the animals treated topically with PDQ, 10 control rats (50%) presented fibroblast hyperplasia whilst all the Mg-deficient rats developed this alteration throughout the application zone (100%, p < 0.001). No hyperplasia was found in PDQ untreated animals on a similar cutis area. Of the PDQ-treated rats, 5 Mg-deficient animals (25%, p < 0.05) developed irregular proliferation of fibroblasts (Fig. 4) , all of them histopathologically clas- sified as incipient low-grade fibrosarcomas, whilst no dense proliferation of fibroblasts was observed in the control rats. Fig. 5 shows a comparison of the thickness of collagen samples taken from the zone where the PDQ solutions were applied. The thicknesses, expressed as the mean value together with the mean standard error, were: Mg-deficient rats, 445.4 ± 47.2 m; control rats, 258.7 ± 36.4 m (p < 0.05).
Histological disorders in heart, kidney and thymus tissues
No histological differences were observed in heart, kidney or thymus tissues under our experimental conditions, in which general congestion was present in all cases, it being more frequent (100%) in Mgdeficient PDQ-treated rats in comparison with Mgdeficient non-PDQ treated (50%) and control (50%) rats. 
Histological disorders in lung tissue
All the specimens analyzed presented a widening of the alveolar walls but no significant difference could be found between PDQ-treated Mg-deficient and PDQtreated control rats. The absence of polynuclear leukocytes in the specimens analyzed is also noteworthy. The inflammatory reaction found in some of the specimens was a consequence of chronic lymphoid hyperplasia.
Histological disorders in liver tissue
The liver tissue presented microvesicular steatosis in all the animals studied (Fig. 6 ). This accumulation of fat was a degenerative process linked to Mg 2+ deficiency [33] but surprisingly it was also found in control rats, although to a lesser extent (40%), and thus it might be considered that PDQ was to some extent responsible for this effect as a consequence of its partial systemic dis-tribution. Congestion, vacuolization and microvacuolar degeneration in liver tissue were observed in all cases, it being more frequent in PDQ-treated Mg-deficient rats.
Discussion
Our intention in this study was to explore the possible use of a Mg-deficient rat model in an analysis of the carcinogenic effects of PDQ. We took advantage of membrane alterations following Mg deprivation and the subsequent reinforcement of toxic activity associated with the simultaneous administration of PDQ. The carcinogenic toxicity of PDQ has been proven by repeated, long-term subcutaneous injection [12] . To avoid any interference from possible variables due to traumatic stress we used a non-aggressive method that facilitated the application of the PDQ and monitored the appearance in the short term of histological alterations that are used as biomarkers of tumor-promotion in mouse skin [25] .
The spectroscopic results indicate that PDQ in DMSO reaches an equilibrium in which DMSO acts as a protonacceptor, thus giving the deprotonated species, which can be homolytically dediazonated in a neutral aqueous medium to elicit radical species. We have observed previously that dediazoniation of PDQ in DMSO and DMSO:water occurs with a loss of absorbance over time without any change in the shape of the PDQ spectra. These experimental observations agree with the value of 362 for parameter B [34] , which is considered to be a measurement of the capacity to act as a dediazoniating medium. This value is higher than the 156 reported for water, a medium in which dediazoniation does occur. Besides, oxygen solubility in DMSO at 25 • C is 3.86 × 10 −4 mol/mol DMSO [35] , which assures enough oxygen to provoke the appearance of peroxyl radicals as a result of its reaction with aryl radicals formed during homolytic dediazoniation and, possibly, other secondary radicals. In addition, we found that the presence of dypiridamole (DIP) interferes with the dediazoniation process in DMSO (data not shown) due to the reported ability of DIP to scavenge peroxyl radicals [36] . In summary, we conclude that radical species are produced from PDQ in the medium used in this work, and no interference deriving from the presence of DMSO should be expected.
We have observed that the topical administration of PDQ is preferable for an analysis of its toxic effects since it involves a less traumatic process than subcutaneous injection, especially avoiding any additional stress to rats that were already hypersensitized as a consequence of Mg deprivation.
The results obtained in the analyses of the effects induced by the administration of PDQ indicate a toxic action limited basically to the site at which the chemical was applied. Thus, we found no significant histological change between the different groups under our experimental conditions as far as thymus and kidney tissues were concerned. All the specimens of lung tissue analyzed presented a widening of the alveolar walls but no significant difference could be found between PDQtreated Mg-deficient rats and PDQ-treated control rats. Liver tissue presented microvesicular steatosis in the three experimental groups. This accumulation of fat was a degenerative process linked to Mg 2+ deficiency but surprisingly it was also found in PDQ-treated control rats, although to a lesser extent, and thus it might be concluded that PDQ was at least to some degree responsible for this effect as a consequence of the partial systemic distribution of the chemical.
Microscopic examination of skin-tissue specimens revealed the presence of hyperplasia in fibroblasts, which in some cases developed alterations classifiable as the irregular proliferation of fibroblasts and incipient lowgrade fibrosarcomas. Furthermore, the irregular shape of the fibroblasts and the abnormal thickness of the collagen in the PDQ-treated animals suggests that the administration of PDQ induces tumoral activity in cutaneous tissue, similar to the effects reported for other carcinogenic chemicals (7,12-dimethylbenz[a] anthracene) [37] . In this case, the disorders in skin tissue were more frequent and highly developed in the Mg-deficient rats, compared to the PDQ-untreated Mg-deficient group. Statistical analysis revealed that the incidence of hyperplasia and incipient low-grade fibrosarcoma in the cutaneous tissue of PDQ-treated Mg-deficient rats, as well as differences in the collagen thickness, are significant.
It is important to note that the relationship between Mg 2+ and carcinogenesis is very complex. Various aspects of this issue have been investigated and discussed, including the possible impact of magnesium deficiency on the incidence of tumors, disturbed magnesium homeostasis in many tumor cells and the influence of either depletion or intake of magnesium on the progression of existing tumors [38] . Nevertheless, epidemiological studies relating Mg-deficiency to bladder, prostate, and rectal cancers [39] [40] [41] refer to long-term deficiency. The absence of histological evidence of any skin complaints in the untreated Mg-deficient rats used in our study indicates that 5 weeks' Mg deprivation is not related to the observed cell alterations.
As indicated above, the model of the Mg-deficient rat used as a reference in the present work is characterized by the animals' being affected at several lev-els. Most of the sequels deriving from Mg deficiency are pathophysiological consequences of disturbed Ca 2+ metabolism as well as a rise in oxidative activity in the cells [42] , followed by an increase in excitatory neurotransmitter activity (catecholamines, N-methyl-daspartate, alpha-amino-3-hydroxy-5-methylisoxasolepropionate, etc.) and cytokine production [16] , which promote oxidative stress. Susceptibility to oxidative stress by oxyradicals in Mg-deficient endothelial cells has been reviewed by Dickens et al. [43] . It has been observed that Mg-deficient cells suffer intracellular lipid peroxidation to a greater extent than do normal ones. Moreover, Mg deficiency increases the cytotoxicity of the oxyradicals. The observed appearance of skin alterations in the rats treated with PDQ suggests that free radicals may form more easily in the area of application, an idea that is strongly supported by the fact that arenediazonium ions can be reduced by electron donors such as melanin, ascorbate, NADH, p-hydroquinone and catechols in the cell or tissue medium [44] . Our previous results highlight the peroxidative effects involved at the beginning of cell damage. As we have reported elsewhere [15] , analysis by reverse-phase HPLC shows that the decomposition of PDQ in a mixed micellar medium containing the surfactant Tween 20 induces the peroxidation of both linoleic acid (LA) and methyl linoleate (MEL), thus causing the appearance of a first group of chromatographic signals consisting of an unsolved couple of peaks, corresponding to isomers 9 and 13-cis-trans, dienic hydroperoxides, characterized by an absorption maximum located at 235 nm, and a second group formed by two well separated peaks, corresponding to isomers 9 and 13-trans-trans, the absorption spectra of which display a maximum at 232 nm. The same products are observed after interaction between LA and the water-soluble 2,2 -azobis (2-amidinopropane), a frequently used initiator of lipid peroxidation. The proportion of isomers produced during the peroxidation process agrees well with that reported for reactions mediated by free radicals. In the same study we also obtained indirect evidence of the involvement of a peroxyl radical in PDQ dediazoniation from a further chromatographic analysis of the decomposition of PDQ in the presence of 2-methylcyclohexa-2,5-diene-1-carboxylic acid. We have also confirmed (Quintero et al., unpublished results) the existence of peroxidative effects deriving from PDQ dediazoniation in two in vitro systems: rat-liver-enriched membrane fractions (P2) and rat-intestine epithelial cell line (IEC-18). The results show that PDQ exerts toxic effects in cells, as indicated by the increase in LDH activity compared with untreated cells, and that this effect derives from oxidative damage connected to an increased production of MDA and depletion of GSH. In addition, PDQ induced dose-dependent lipid peroxidation in enriched membrane fractions.
In summary, we report for the first time that the tumorpromoting activity of PDQ is accelerated in Mg-deficient rats, as revealed by the more frequent occurrence of more highly developed tumor biomarkers in these animals. A preliminary mechanistic approach is considered, taking into account that Mg-deficiency in rats is characterized by a decrease in the stability of their cell membranes and an increase in their vulnerability to attack by free radicals. Thus, it is quite plausible to imagine that a Mg-deficient diet leads to pro-oxidative reactions acting synergistically with the reduction of PDQ in the cell medium. Previous results support the idea that PDQ genotoxicity appears to be related to peroxidative effects deriving from the formation in vivo of primary aryl radicals.
